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Abstract
All North Sea countries are confronted by climate change impacts such as accelerated
sea-level rise, increasing storm intensities resulting in as well higher set-up of storm surges
as growing wave energy and a follow-up of morphological changes. Thus it is necessary to
question the effectiveness of existing coastal protection strategies and to examine alternative
strategies for coastal protection under a range of scenarios considered possible. Scenarios of
accelerating sea-level rise leading to changes in sea level of up to 1 m or more by 2100 and
higher set-up of storm surges with increasing wave energy have been used for planning
purposes. Adaptation strategies for future coastal protection have been established in all
North Sea countries with vulnerable coasts, observing two propositions: (1) structures are
economic to construct in the short term and their dimensions easily adapted in the future to
ensure flexibility in responding to the as yet undeterminable climate change impacts and
(2) implementation of soft measures being temporarily effective and preventing counter-
action to natural trends. The coastal protection strategies differ widely from country to
country, not only in respect of distinct geographical boundary conditions but also in terms of
the length of the planning period and the amount of regulations. Their further development is
indispensable and emphasis must more and more be laid on strategies considering the effects
of long-term development of coastal processes for future coastal protection. Filling gaps in
knowledge is essential for developing sustainable adaptation strategies.
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18.1 Introduction
Climate change will create stronger challenges for coastal
protection than experienced in the past. Loads on protection
structures are increasing and increased flood risk in the
majority of coastal areas has coincided with ongoing growth
in population and investment. Since the implementation of
measures in coastal protection needs a forerun of decades,
the determination of boundary conditions for their design
requires an appropriate and sufﬁciently safe margin for
foreseeable developments in the future. This is presently best
practice in coastal engineering but becomes more difﬁcult
and uncertain the further forward in time considered since
there are no reliable forecasts for future climate change
impacts, only wide-ranging scenarios. Therefore adaptation
strategies for coastal protection must aim to be both eco-
nomic to construct in the short term and designed such that
they can be easily adapted in the future, allowing adequate
flexibility in order to respond to the as yet insufﬁciently
determinable effects of future climate change impacts. To
meet these requirements, current understanding of climate
change effects on coastal protection measures must be used
to examine alternative strategies for future coastal protection
under a wide range of scenarios for climate change impacts
regarded as possible.
18.1.1 Boundary Conditions of Coastal
Protection
The aims of coastal protection are ﬁrst the safety of the
hinterland against flooding due to storm surges and second
to limit coastal retreat. An essential basis for achieving these
objectives is sound knowledge of the governing boundary
conditions, such as local hydrodynamic loads or morpho-
logical processes. Acceleration of sea-level rise (SLR) due to
changing global climate will be a threat in all coastal areas.
This threat will be compounded by a number of secondary
effects of climate change that will increase loads on coastal
protection structures or on dunes and cliffs providing shelter
for the hinterland against flooding.
Climate change will also lead to increasing storm inten-
sities which will—particularly in the shallower parts of the
North Sea—cause higher set-ups of storm surges (EEA
2012; Woth et al. 2006; Weisse et al. 2012). As a result,
water depths at the coastlines will increase for design con-
ditions; the shallower the local coastal waters the greater the
increase. Since in areas like the Wadden Sea coasts in the
southern North Sea, wave heights and periods on tidal flats
are strongly depth-controlled (Niemeyer 1983; Niemeyer
and Kaiser 2001), any increase in local water depth would be
accompanied by correspondingly higher wave loads on
coastal structures or on dunes and cliffs (Niemeyer 2010).
Accelerated SLR will also be accompanied by morpho-
dynamic responses in sedimentary coastal areas which may
be unfavourable to coastal protection. For instance, adaption
of tidal flat levels may no longer keep pace with SLR, and if
rates exceed a certain threshold then tidal flats might even
disappear (Müller et al. 2007). Water depth in front of
coastal structures would then increase and result in the
propagation of higher and longer waves during storm surges
and thus stronger wave loads. Adaption of tidal flats to SLR
is governed by the hydrodynamics of ordinary tides. In
contrast, the vertical growth of saltmarshes depends on
hydrodynamics during meteorologically enhanced tides and
in particular on storm surges (Townend et al. 2011). In
addition to this signiﬁcant disparity in governing boundary
conditions there are indications that salt marshes also have a
limited capability to grow with sea level: above a certain
threshold in the rate of SLR they will no longer keep pace.
The threshold for SLR to limit the vertical growth of salt-
marshes will be slightly raised, however, by an increase in
the frequency of storm surges (Schuerch et al. 2013).
The response of coastal morphology to accelerated SLR
is much more pronounced on wave-exposed sandy coasts
and barrier islands than, for example, in front of coastlines
on estuaries or tidal basins with tidal flats and salt marshes;
areas with a high share of cohesive sediments. Adaption of
the shoreface to erosion induced by SLR according to the
BRUUN-Rule and its steepening will take place simultane-
ously (Bruun 1962; Stive and de Vriend 1995). Since
shoreface processes affect conditions at adjacent beaches
(Mulder and de Vos 1989), erosion and coastal retreat will
also occur. At interrupted coasts with estuaries or tidal inlets
and basins, SLR will increase basin volume and drive an
increasing demand for external sediment supply to enable
adaptation towards the moving target of morphodynamic
equilibrium (Ranasinghe et al. 2012).
The result is erosion of coastal stretches in the vicinity of
the tidal inlets, leading to stronger coastal retreat than would
occur through shoreface adaption to SLR alone (Ranasinghe
et al. 2012). The volume of ebb-deltas will also decline as
they will act as the initial source for meeting the increased
sediment demand of the basins (Stive and Eysink 1989).
Since the sheltering effects of ebb-deltas depend on their
sediment volume (Kaiser and Niemeyer 1999), wave pene-
tration into the basin and onto adjacent beaches will be less
restricted causing higher loads on structures, dunes and cliffs
and increasing erosion of beaches and dunes and, although
to a lesser extent, tidal flats and salt marshes. The impact of
all such processes will increase, the more SLR is accom-
panied by an increase in tidal range.
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These secondary effects of climate change are superim-
posed on each other, and may even invoke a feedback
(Fig. 18.1) which further complicates the prediction of future
change (Niemeyer 2015). It will be a major challenge for
coastal researchers to develop and apply suitable morpho-
dynamic models that can encompass a sufﬁciently wide
range of scenarios for future climate change effects. Such
models are needed to meet the knowledge base required for
more detailed planning and development of adaptation
measures for coastal protection. This is particularly the case
for wave-exposed sandy coasts and barrier islands, where the
secondary effects of accelerated SLR on morphology are
expected to be stronger, faster and more diverse than those
anticipated in front of coastlines with a high degree of
cohesive sediments, where morphodynamic adaption is more
predictable (Niemeyer 2015).
18.1.2 Coastal Protection Strategies
in Response to Climate Change
Impacts
Global warming and the resulting acceleration in SLR
necessitates a thorough re-evaluation of coastal protection
strategies in many parts of the world. This includes the North
Sea coasts of Europe, where coastal protection has a history
of more than 1000 years. For most of the North Sea coasts,
maintaining a protection line through dykes, solid structures
or dunes and cliffs was historically the result of human
activity. The potential for faster SLR through global
warming has alerted coastal managers to question whether
this strategy of keeping the line will still be appropriate, or
whether alternative strategies should be considered.
The Intergovernmental Panel on Climate Change (IPCC)
Coastal Zone Management Subgroup identiﬁed alternative
adaptation strategies for SLR: retreat, accommodation and
protection (IPCC 1990), following an earlier Dutch evalua-
tion, which also included the additional strategy of moving
the defence line seaward (Rijkswaterstaat 1989). All four
strategies are manifested in historical practice (Niemeyer
2005, 2010). The strategy ‘protection’ has since been further
differentiated by distinguishing between traditional line
protection and alternative protection schemes such as set-
back or realignment and combined protection (ComCoast
2007). Although moving the defence line seaward is only
suitable in very speciﬁc situations, and may not always be
ethically and politically acceptable, the other strategies are
regarded as options for adapting coastal protection in
response to possible future climate change effects. Recent
investigations have shown that simple conceptual evaluations
by graphical schemalizations and purely qualitative discus-
sion such as carried out by ComCoast (2007), are unreliable
and sometimes even misleading since important boundary
conditions such as hydrodynamic loads, topographic fea-
tures, existing protection structures and necessary resources
are ignored or misjudged. Therefore it is essential to evaluate
strategies by applying scenarios for design conditions in
real-world environments (Niemeyer et al. 2011a, b, 2014).
The same comments also apply to conclusions drawn by
Temmerman et al. (2013) concerning the effectiveness of
protection strategies that improve the ecological value of
coastal and estuarine areas by a set-back of the existing
protection line, since the emphasized equivalence of safety
against flooding of the hinterland achieved by the protection
strategy applied beforehand is only an assumption. Model
tests for proving that assumption are to be carried out in the
future thus allowing reliable judgements (STW 2013). The
expectation of a reduction in hydrodynamic loads on struc-
tures by a set-back strategy (Temmerman et al. 2013) con-
tradicts results being achieved for the evaluation of
Fig. 18.1 Combined effects of climate change on a North Sea coast:
morphodynamics and hydrodynamic loads at a sandy coast (barrier
islands) (left) and on hydrodynamic loads on coastal structures at a
lowland coast along an estuary and tidal basins with cohesive sediments
(right) (Niemeyer 2015); background image from the Common
Wadden Sea Secretariat (www.waddensea-secretariat.org)
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alternative coastal protection strategies by mathematical
modelling for design conditions in similar environments
(Niemeyer et al. 2011a, b, 2014). Nevertheless, potential
improvements in ecological quality by applying alternative
strategies should be balanced against the higher capital costs
for coastal protection in respect of societal demands.
Although evaluations of protection strategies for coasts
with a signiﬁcant fraction of cohesive sediments yield reli-
able results, this is not the case for wave-exposed sandy
coasts and barrier islands with higher dynamics (Fig. 18.1).
The impacts of climate change on coastal processes may
require a higher level of adaptation there than at other
locations. Taking into account the enormous additional effort
this will require, adaptation strategies for wave-exposed
sandy coasts and barrier islands will need to accommodate
stronger and more variable coastal processes due to future
climate change impacts than at present. Such an approach
could then serve as a blueprint for the development of
flexible coastal protection schemes that are sufﬁciently
adapted to future climate change impacts in order to prevent
any incompatibility with future developing trends driven by
nature. Such schemes are likely to prove more favourable
than some of the traditional coastal protection measures.
18.2 Adaptive Planning and Regulation
Adaptation strategies for future coastal protection have been
established in all North Sea countries with vulnerable coasts.
These differ widely from country to country, especially in
terms of the length of planning period and amount of
regulation.
18.2.1 Belgium
The Flemish Government approved a Master Plan Coastal
Safety (Afdeling Kust 2011) in June 2011 comprising cal-
culations and safety assessments for the periods 2000–2050
and 2050–2100. A vision for further development of the
Flemish coastal zone is on its way aiming at the integration
of safety, natural values, attractiveness, sustainability and
economic development including navigation and sustainable
energy. This concept is referred to as Vlaamse Baaien or
Flanders Bays 2100 (Vlaamse Baaien 2015a, b) and
includes conceptual plans for responding to climate change
effects beyond 2050. This idea was initiated by a concept
study launched by a private consortium of different consul-
tant and construction companies under the name Flanders
Bays 2100 (Vlaamse Baaien 2015a). Execution of the Master
Plan Coastal Safety, however, is a pre-condition that must be
met before implanting the ‘Flanders Bays’ concept (Vlaamse
Baaien 2015a). It is expected that the safety levels
incorporating the projected SLR until 2050 will require
maintenance nourishments thereafter. For the Belgian part of
the Western Scheldt estuary the Sigma Plan was established
after the floods of 1976 and was revised in 2005 to include
projected SLR until 2050. New understanding of coastal
management, which balances safety and environmental
protection and also shipping where it plays a key role, have
resulted in a vision of multifunctional and sustainable use of
the Western Scheldt estuary (Sigmaplan 2016).
18.2.2 Denmark
The Danish Government announced its strategy for adapta-
tion to a changing climate in 2008 (Danish Government
2008). The report provides an overview of the challenges
arising from future climate change in terms of 11 sectors,
one of which is the coastal zone. The adaptation strategy for
coastal protection was developed by the Danish Coastal
Authority (2012). The aim is to provide coastal communities
with a regionally differentiated basis for adaptation to 2050,
and then to 2100. Every ﬁve years the Coastal Authority
undertakes a safety assessment of the central part of the
Danish North Sea as a basis for coastal protection planning
as well as ﬁnancial planning. There is no ﬁxed schedule for
safety assessments in the Danish Wadden Sea: two have
been undertaken since 1999. In all other parts of the Danish
coasts the land owners are themselves responsible for
protection.
18.2.3 Germany
For the German North Sea coast, adaptation strategies in the
four federal states are regulated differently. In the Free and
Hanseatic City of Bremen a sector plan was established by
the ministry (SUBV 2012). The building programme
matching the safety levels established in 2007 includes a
heightened precaution measure for climate change effects
and will be ﬁnished in 2025. For the Free and Hanseatic City
of Hamburg the parliament accepted a proposal made by the
state government which is a guideline for planning until
2050 (Senat FFH 2012). A safety assessment will be
undertaken every ten years. In Schleswig-Holstein, design
boundary conditions were revised with respect to SLR
expected by 2050 and 2100 in an update to the Coastal
Protection Masterplan (MELUR 2013); safety assessments
are planned every ten years. In 2008, the state government of
Lower Saxony established a government commission of
management experts, scientists and stakeholders to develop
an adaptation strategy for climate change effects including
coastal protection, supported by expert groups on speciﬁc
themes. A well-funded research programme was initiated in
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order to provide the commission with basic information on
key issues like coastal protection. A report on the adaptation
strategy was delivered in 2012 (MU 2012) and its recom-
mendations for initial actions were approved by the state
government in 2013: the optimal strategy for coastal pro-
tection at the mainland coast is by keeping the protection
line; precautionary observations and investigation pro-
grammes are required to address identiﬁed knowledge gaps
and so enable future substantiation of adaptation measures;
and the need to continue the safety assessment programme
with a ten-year cycle. Investigations of clay quality in the
cover layer of existing dykes as a basis for introduction of
increasing overtopping tolerance in future design procedures
to balance—at least partly—higher hydrodynamic loads are
a major component of this research programme. Of even
greater importance is the identiﬁcation and quantiﬁcation of
morphological effects due to climate change impacts in the
dynamic East Frisian barrier islands region to provide the
essential basic knowledge for developing a resilient adap-
tation strategy for the future protection of the area against
flooding and effects of structural erosion. An independent
commission shall be appointed to provide recommendations
on implementing this programme.
18.2.4 Netherlands
In the Netherlands, consideration of climate change effects
started earlier than in most other countries (Rijkswaterstaat
1989, 1990). In 2001, a safety assessment procedure was
laid down in the Water Act, requiring an assessment every
ﬁve years, later increased to six. The need for more
advanced adaptation to climate change led to the establish-
ment of the second Deltacommissie (2008). Starting from
scenarios for SLR and river discharge, this committee pro-
duced recommendations which included, among others, the
establishment of a Delta Program led by a Delta Commis-
sioner at ministerial level, to recommend how to implement
a risk-based flood safety approach and how to establish an
effective organisation and legal framework. The Delta
Commissie’s recommendations were approved by parlia-
ment in a Delta Act. A budget of EUR 1 billion per year was
initially foreseen for planning and implementing climate
adaptation measures, but this has now been revised to EUR 9
billion for the period 2013 to 2028. Adaptation to newly
deﬁned safety levels aimed at 2050 is intended to be ready
by 2028. The process is accompanied by an annual National
Delta Congress. The Delta Program on several strategic
decisions regarding future flood safety and freshwater pro-
vision is now ﬁnished. The new safety norms are currently
being laid down in the new Water Act, and are expected to
come into effect as of 2017. Future safety assessments will
be undertaken every twelve years (Rijkswaterstaat 2015b).
18.2.5 United Kingdom
The Climate Change Act 2008 provides a legally binding
and long-term framework to cut carbon emissions in the
United Kingdom, but also makes provision for an assess-
ment of the risks of climate change for the United Kingdom
to be undertaken on a ﬁve-year cycle. The ﬁrst of these is the
2012 Climate Change Risk Assessment (CCRA) (DEFRA
2012). This was based on climate projections by Lowe et al.
(2009) and included an assessment of the economic impli-
cations of climate change for different sectors and the
potential costs and beneﬁts of different adaptation responses.
Building on the outputs of the CCRA, the government and
the Devolved Administrations (Northern Ireland, Scotland,
and Wales) are developing adaptation programmes that will
set out Government objectives for adaptation to climate
change as well as proposals and policies to deliver these
objectives. The programmes will be subject to regular
assessment by the Committee on Climate Change to deter-
mine progress towards implementation.
18.3 Safety Margins for Climate Change
Effects
18.3.1 Sea-Level Rise Scenarios and Safety
Levels
The safety levels of hydrodynamic loads are the criteria used
for dimensioning coastal protection structures to ensure their
effectiveness in protecting against flooding due to storm
surges. Superimposed safety margins ensure that the struc-
tures remain effective against flooding over the course of
their anticipated lifespan; safety margins for SLR have been
in use since the 1950s and are superimposed on the safety
levels for hydrodynamic loads on the structures. The safety
margins associated with accelerated SLR and other potential
climate change effects are considered in distinct rates in the
countries along the North Sea coasts. But ultimately, the
safety of the protected areas depends on the aggregated
safety margins and safety levels; the latter still the more
relevant in respect of the order of magnitude. A comparison
of safety levels between countries makes little sense. On the
one hand, some countries have introduced distinct safety
levels on regional scales, while on the other a comparison of
exceedance probabilities is sometimes misleading. If distinct
extreme value distributions are used to evaluate design
parameters, the same exceedance probability might deliver
distinctive results; with the larger the difference the lower the
probability of occurrence. Moreover methodological differ-
ences like choice of used values or data ﬁtting, and length of
time series prevent a credible comparison: benchmarking by
exceedance probabilities or return periods is only reasonable
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Fig. 18.2 North Sea Basin and surrounding countries (base map: http://de.wikipedia.org/wiki/Datei:North_Sea_map-en.png)
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and provides reliable results if the methodological basis for
their evaluation is compatible. Therefore the following
review of current safety margins for SLR and other hydro-
dynamic effects due to climate change includes only a brief
description of safety levels. All locations mentioned in the
following texts are shown in Fig. 18.2.
18.3.1.1 Denmark
A SLR of 0.1–0.5 m by 2050 and 0.2–1.4 m by 2100 is
assumed in Denmark. This is partly compensated for by a
land rise of 0–0.1 m by 2050 and 0–0.2 m by 2100, leading
to a relative SLR of 0–0.5 m by 2050 and 0–1.4 m by 2100.
An increase in the set-up of severe storm surges of 0–0.1 m
by 2050 and 0–0.3 m by 2100 is also assumed due to higher
wind velocities resulting also in higher and longer waves.
Peak storm surge levels may increase by up to 0.6 m by
2050 and up to 1.7 m by 2100 due to the combined effect of
SLR and increasing surge set-up. Information on the
changing wave climate is provided by comparing actual
conditions with scenarios for the period 2071–2100. For
dykes on the Wadden Sea coast, cost estimates for adapta-
tion have been carried out. For a recently strengthened
13-km stretch of the dyke line south of Ribe a safety margin
of 40 cm has been considered. The safety level in Denmark
is deﬁned for sandy coasts by conditions with a yearly
exceedance probability of 10−3 for the city of Thyboron and
10−2 for the coastal stretch between Agger and Nymindegab.
The width of dunes required to meet that safety level was
determined empirically from historical data on dune erosion.
Safety levels for the dykes at the Wadden Sea coast of
Denmark range between 2 × 10−2 and 5 × 10−3, depending
on population density in the protected area. Design is aimed
to achieve these safety levels until 2100, and takes into
account projections for SLR, increased set-up of storm sur-
ges and changes in wave climate. The level of acceptable
overtopping tolerance for dykes is 10 %, which is equivalent
to approximately 10 [l× (m s)−1] for the boundary condi-
tions at the Danish Wadden Sea coast. The other parts of the
Danish North Sea coast have no flood risk.
18.3.1.2 United Kingdom
Safety levels in the United Kingdom depend on the degree of
development of the protected areas. For London and the
developed parts of the Thames estuary a yearly exceedance
probability of 10−3 is applied, whereas the corresponding
safety level for all other urban areas along the North Sea
coast is a yearly exceedance probability of 5 × 10−3. For the
other parts, lower safety levels are applied in respect of local
circumstances. Since 1999, a SLR of 40 cm is assumed for
the North Sea coast north of Flamborough Head for the
design of structures with a lifespan of 100 years, and a SLR
of 60 cm for the North Sea coast south of Flamborough
Head. The flood risk management plan for the Thames
estuary takes the following safety margins for SLR into
consideration (Environment Agency 2013):
• 4 mm year−1 to 2025
• 8.5 mm year−1 for 2026–2055
• 12 mm year−1 for 2056–2085
• 15 mm year−1 for 2086–2115.
National guidance issued in 2011 advises using the UK
Climate Projection 09 (DEFRA 2011) for relative SLR based
on the medium-emissions 95th percentile projection for the
project location. Upper-end (95th percentile) estimates are as
follows:
• 4 mm year−1 to 2025
• 7 mm year−1 for 2026–2050
• 11 mm year−1 for 2051–2080
• 15 mm year−1 for 2081–2115.
Guidance is also given for storm surges, where an
assessment of extremes is recommended and upper-end
estimates are provided as follows: 20 cm by the 2020s,
35 cm by the 2050s and 70 cm by the 2080s. Work is
underway on developing wave climate projections.
18.3.1.3 Germany
In Germany, the four federal states use three different
methods for evaluating design water levels on the North Sea
coast and adjacent estuaries. They have been tuned to yield
similar values at the Cuxhaven gauge at the mouth of the
Elbe estuary between 2010 and 2012. A matching value is
achieved for the method practised in Schleswig-Holstein by
adding an additional measure for the surge set-up in an
estuarine mouth to the value achieved by the commonly used
yearly exceedance probability of 5 × 10−3. Hamburg has
developed a new deterministic approach in order to meet the
target range. Bremen and Lower Saxony met the anticipated
target value beforehand by applying the traditionally used
deterministic single-value method by combining the actual
mean high water level with the highest values of maximum
spring elevation, storm surge set-up and the chosen safety
margin for climate change effects for the determination of
design water levels. Design water levels in Lower Saxony
and in the Netherlands at the Ems-Dollard estuary have
similar values, the surge set-up of the design water level has
a yearly exceedance probability of 2.5 × 10−4. Tolerable
wave overtopping at dykes is limited to 2 [l× (m s)−1] in
Schleswig-Holstein and to 3 % in Bremen and Lower Sax-
ony corresponding to an overtopping volume in the range of
approximately 0.1–1.5 [l× (m s)−1] with a tendency to cor-
respond to the cross-sectional areas of dykes. All four states
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account for future climate change effects in the evaluation of
design water levels by adding a general provision margin of
50 cm for 100 years. This measure would be equivalent to a
SLR of about 40–45 cm per 100 years. Since 2012/2013 in
Hamburg, 20 cm of the anticipated 50 cm SLR will be taken
into account in the design of coastal protection structures
with a lifespan to 2050. Whereas in Schleswig-Holstein and
Hamburg the provision margin is a comprehensive part of
the design water level, in Lower Saxony and Bremen a
different approach is used in designing coastal structures: the
provision margin is split into a SLR of 25 cm and an
additional increase in storm surge set-up of 25 cm. The latter
requires higher storm velocities and so also takes into
account higher wave energy. Furthermore, for the applied
design procedure the—at least partial—adaption of tidal flats
to an accelerated SLR is neglected leading to greater water
depths and higher and longer waves in front of coastal
structures. As a result, the incorporation of dynamic ele-
ments in the design procedure generates a higher safety
margin than using an additional ﬁxed value for design water
levels. Furthermore, in Bremen, Hamburg and Lower Sax-
ony, solid structures are constructed so as to accommodate
an increase in water level beyond the anticipated safety
margin; this comprises up to an additional 75 cm (Bremen),
80 cm (Hamburg) or 50 cm (Lower Saxony).
18.3.1.4 Belgium
The Flemish authorities are anticipating a SLR of about
6 mm year−1 by 2050 and 10 mm year−1 between 2050 and
2100 at the Belgian coast, and these values have been con-
sidered for planning and construction targeted at safety
levels for 2050 and being ready by 2018. The safety level is
a yearly exceedance probability of 10−3 for both water level
and waves, and is based on extreme value distributions for
the determinative directions for very high storm surges. The
design procedure is based on a storm duration of 45 h,
covering three tidal high peaks, for dunes, dykes, sluices,
weirs and quay walls in harbours. The threshold of tolerable
wave overtopping on dykes is 1 [l× (m s)−1] and dune
erosion must be limited to a predeﬁned level. Quay levels in
harbours, heights of sluices and weirs will be checked with
the aim of matching the design water levels. Risk analyses
are carried out for four scenarios, including storm surges
with higher tidal peaks than considered for the design storm
surge up to a yearly exceedance probability of 5.89 × 10−5.
The aim is to derive basic information for the introduction of
higher safety levels on the basis of a beneﬁt-cost ratio and
risk reduction if events occur for which evacuation is nec-
essary. In the revised Sigma Plan for the Belgian part of the
Western Scheldt estuary the design of coastal protection
structures was based on a cost-beneﬁt analysis (Broekx et al.
2011; Sigmaplan 2016).
18.3.1.5 Netherlands
To date, safety levels in the Netherlands refer to the rec-
ommendations of the ﬁrst Delta Committee after the 1953
flood: a probabilistic flood safety deﬁnition based on the
exceedance probabilities of water levels and waves. The
safety levels differ between the various parts of the country
in respect of population density, economic value and risk of
flooding. Two safety levels have been established at the
coast: 10−4 for the central Holland coast and
2.5 × 10−4 year−1 for the southwestern Delta area and the
Wadden Sea with the Ems-Dollard estuary in the Northeast.
Later overtopping tolerance on dykes has been limited to
0.1–1 [l× (m s)−1] depending on the quality of the cover
layer. The Second Deltacommissie (2008) recommended
raising safety standards ten-fold based on economic and
population growth since 1953. Meanwhile, a decision has
been made to replace the current procedure by a risk-based
approach, incorporating the probability and degree to which
a protection structure will fail if its design conditions are
exceeded, as well as the loss of life and material damage that
would occur in the event of a flood. A basic safety level is
introduced, with a yearly probability of 10−5 as an upper
limit for the loss of life due to flooding as local individual
risk. For its evaluation two types of additional study are
required: one on the threat to life due to flooding and one
based on a societal cost-beneﬁt-analysis. The ﬁnal opera-
tional layout is expected to be introduced in 2016 in order to
be ready for the safety assessment in 2017 (MIenM 2013).
The Delta Commissioner expects that, to date, the safety
levels used in coastal areas have led to protection structures
that will meet the requirements of the new safety levels
(Helpdesk Water 2015). Explorative studies of some dyke
rings, however show that this new approach may lead to
very different assessments of flood safety (Rijkswaterstaat
2005, 2015a). A more detailed investigation for the Lake
IJssel area (Deltaprogramma IJsselmeergebied 2013) con-
ﬁrms this. The reason is that the failure of different stretches
of dyke in a dyke ring may lead to different numbers of
individuals being exposed to flooding. Safety margins for
accelerated SLR due to the Delta scenarios range from 0.35
to 0.85 m until 2100 (Deltacommissaris 2013).
18.3.2 Coastline Stabilisation
and Anticipation
of Morphological Changes
Climate change will not only affect the hydrodynamic
boundary conditions for coastal protection but will also
cause morphological processes unfavourable to coastal
protection. Knowledge about such developments and their
consequences for coastal protection is much poorer than that
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available for future hydrodynamic loads. This lack of
understanding about future morphological changes not only
increases the uncertainties about future hydrodynamic loads
but also includes the possibility that parts of the present
coastal system could even disappear. A wide range of pos-
sible solutions are being considered in the coastal North Sea
countries to tackle this problem, although the dimensions of
morphological processes due to climate change impacts
remain partly unknown. Solutions discussed in the following
sections are all based on currently applied means to counter
erosion.
18.3.2.1 Germany
In Germany, the Federal States of Bremen and Hamburg are
responsible for relatively small sections of the open coast
and have left the problem of morphological processes due to
climate change impacts untouched in their adaptation sce-
narios to date. In the ‘Masterplan Coastal Protection of the
Federal State of Schleswig-Holstein’ erosion due the
BRUUN-rule is mentioned but only as a term without any
consideration in respect of precautionary measures or as a
topic for future research (MELUR 2013). Lower Saxony has
developed an intensive research programme as part of the
adaptation strategy, aiming to provide a robust evidence base
for the planning of appropriate measures (MU 2012), but this
programme has yet to start. In Schleswig-Holstein and in
Lower Saxony structural erosion in sandy environments is
typically compensated by artiﬁcial nourishments, particu-
larly on barrier islands.
18.3.2.2 Denmark
Some parts of the sandy North Sea coast of Denmark
experience structural erosion (Van de Graaff et al. 1991)
which is compensated by artiﬁcial nourishments of 2–3
million m3 year−1. The total volume required is determined
by the sum of:
• the annual average erosion above the 6 m depth contour
between 1977 and 1996
• loss of nourished volume between the 6 and 10 m depth
contour
• compensation for proﬁle steepening since the middle of
the period 1977–1996
• in the future, an extra 15 % of the sum of all three to
cover uncertainties.
Since artiﬁcial nourishment steepens the shoreface, extra
volumes of material are likely to be needed to offset the
effects of SLR. The Danish Coastal Authority has carried out
intensive empirical studies to determine the volumes
required for future nourishments to compensate for erosion
due to accelerated SLR, shoreface steepening and increased
longshore transport due to anticipated higher wave energy.
The additional artiﬁcial supply for compensating for antici-
pated climate change effects under three scenarios averages
17 % in 2050 and 49 % in 2100 relative to the total volume
of nourishment in 2008 (Jensen and Sørensen 2008).
18.3.2.3 Belgium
Structural erosion on the Flemish coast is counteracted by
shoreface, beach and dune nourishments in order to reduce
flood risk. The need for nourishment varies from section to
section. Houthuys et al. (2012) noted a long-term general
trend along the Flemish coast ranging from slight accretion
in the west at the French border shifting to mild erosion east
at the Dutch border. For the period 2013–2020, an average
yearly volume of 20 m3 m−1 is considered necessary to meet
the target safety level and provide a ﬁve-year buffer; which
gives a total volume of 10 million m3. To address structural
erosion and the projected SLR, an extra annual volume of
7 m3 m−1 corresponding to a total volume of 14 million m3
is expected to be needed between 2020 and 2050 (Balcaen
2012) of which about half is needed to compensate for SLR.
This is based on the assumption of 500 m3 m−1 beach front
for an average beach and a foreshore width of 500 m.
18.3.2.4 Netherlands
Since the 1990s, the strategy for the sandy coasts of the
Netherlands has been one of dynamic management to sta-
bilise the basal coastline (Rijkswaterstaat 1990). This strat-
egy was extended offshore beyond the shoreface to the 20 m
depth contour in 2001, thus including the area known as the
coastal foundation (Mulder et al. 2007). On average,
12 million m3 is used each year for nourishments along the
sandy parts of the southwestern Delta, the closed Holland
coast and on the West Frisian Barrier islands (Rijkswater-
staat 2011). Following the currently applied procedure
(Mulder et al. 2007), increased demand for nourishments
due to accelerated SLR and secondary effects will be iden-
tiﬁed by assessing the annual surveys every four years and
then adjusting the amounts compensated within the follow-
ing four years (Deltacommissaris 2013). However, the pre-
sently nourished volume is still insufﬁcient to meet the aims
(Mulder and Tonnon 2010): a total volume of 20 million
m3 year−1 is needed in relation to current SLR. The reason
for this difference is largely due to the demand for sediments
from the Western Scheldt estuary and the tidal basins of the
Wadden Sea (de Ronde 2008). Although they are excluded
from the nourishment programme these coastal areas beneﬁt
from sediment import from the coastal foundation. Recent
studies on the adaption of the tidal basins of the Wadden Sea
to the closure of the Zuider Zee and sand-mining, show that
imported sediment volumes have been more than adequate
to compensate for current SLR (Elias et al. 2012) which
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might indicate a sediment transport capacity through the
inlets that is large enough to accommodate higher rates of
SLR than currently occur. An increase in yearly nourishment
volume to 20 million m3 is anticipated in the National
Waterplan (MVenW 2009) but no decision has yet been
made. The total amount of material to offset SLR is esti-
mated to be proportional to the rate of SLR; 7 million m3 per
mm year−1. The Deltacommissie (2008) suggested that
sediment budgets may need to increase to 85 million m3
year−1 by 2050, to compensate for a SLR of 12 mm year−1
along the whole Dutch coast including the southwestern
Delta and the Wadden Sea, whereas the actually introduced
scenarios for SLR assume rates of 3.5 mm year−1 until 2050
and 8.5 mm year−1 between 2050 and 2100 (Deltacommis-
saris 2013).
18.3.2.5 United Kingdom
With a coastline of about 18,000 km, the United Kingdom is
characterised by a wide range of shoreline types, inlets and
estuaries. Historically, responses to coastal stabilisation were
piecemeal and highly variable. Solutions included both hard
constructions such as seawalls, breakwaters, groynes, and
offshore reefs, and soft measures such as shingle recycling,
beach nourishment and salt marsh generation. This local
response has now been replaced by a more coherent and
regional approach, through the adoption of Shoreline Man-
agement Plans to balance the requirements for safety against
hazards and economic effort. The aim is to determine
defence needs at a regional scale before deﬁning the most
appropriate form of protection to fulﬁl the strategic need.
Central to this planning is a systematic and risk-based
approach, underpinned by regional monitoring. Considera-
tion is given to coastal geomorphology, geology, ecology,
exposure, flood and erosion risk, protection type, and man-
agement strategy. Programme design focuses on the moni-
toring requirements needed to deliver new coastal
engineering schemes over the next 30 years. Baseline sur-
veys were undertaken for each survey category. Thereafter, a
weighted sampling programme was developed according to
identiﬁed risks, which determines the temporal and spatial
frequency of data collection, reflecting factors such as the
local geomorphology, exposure to wave climate and man-
agement strategy, to determine data requirements. Essen-
tially, those areas that present high risk of erosion or
flooding, or are heavily managed have more data collection
than stretches of unmanaged coast. Hence, the entire UK
coast is monitored at an appropriate level of detail to provide
a strategic region-wide overview of coastal change. Con-
sistent observation, speciﬁcation, quality control, metadata
and analysis techniques have been developed for each pro-
gramme element. Web delivery includes online tools to view
data and real-time observations of an extensive network of
wave and tidal observations. In addition, a range of end-user
products based on annual and cumulative analysis of the data
enables coastal managers to develop a region-wide under-
standing of coastal evolution patterns (Channel Coastal
Observatory 2013).
The shoreline management programmes will become
more and more effective with an increasing data basis
allowing more and more purposeful reactions of regional
coastal managers in order to keep coastlines stable following
the same basic criteria nationwide.
18.4 Adaptation Strategies
18.4.1 Monitoring Climate Change Effects
All coastal North Sea countries undertake coastal monitoring
programmes to support the planning of construction and
maintenance of coastal engineering schemes. Such pro-
grammes also provide a basis for scientiﬁc studies on pro-
cess analysis, improving design procedures and verifying or
driving models. Current monitoring programmes include a
wide range of observation techniques including:
• terrestrial surveys by GPS and LIDAR of salt marshes,
tidal flats, beaches and dunes or cliffs for moderate
conditions, and the upper shoreface, beaches, dunes or
cliffs for post-storm conditions
• bathymetric surveys of channels, shoreface and ebb
deltas by GPS and sounding
• permanent water level monitoring by gauges
• permanent measurements of currents and salinity
• permanent wave monitoring by buoys or gauges
• monitoring of sediments and habitats.
Measuring campaigns are also undertaken to strengthen
the data base for analysing and modelling hydrodynamic and
morphodynamic coastal processes. Measurements are sup-
plemented by model results covering hydrodynamic and
morphodynamic processes and developments.
Although all North Sea coastal countries regard coastal
monitoring as essential the approaches used vary widely,
particularly in terms of spatial distribution and sampling
frequency. Nevertheless, these data are still useful for
detecting climate change impacts and developing coastal
protection measures. However, it is important to keep the
national monitoring programmes under review in respect of
their suitability to deliver basic information for detecting
climate change impacts relevant for coastal protection. The
layout of monitoring programmes on coastal hydro- and
morphodynamics is generally structured according to the
knowledge about coastal processes as assembled in currently
used coastal classiﬁcations like, for example, that of Hayes
(1979) which consider tidal range and wave climate as
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driving forces but no varying SLR (Hayes and Fitzgerald
2013). It is therefore advisable to check whether the existing
programmes are already sufﬁciently structured in respect of
data mining and analysis for detecting effects of climate
change impacts such as accelerated SLR, increased set-up of
storm surges, growing wave energy and morphodynamic
adaption.
A promising tool for identifying climate change impacts
would be a combination of nationwide knowledge at least at
the scale of the countries surrounding the North Sea. Inter-
national interdisciplinary expert groups could then evaluate
which data and information would be helpful in detecting
climate change impacts in coastal areas as quickly and accu-
rately as possible. The aim of these efforts should be stan-
dardised integrated monitoring around the North Sea
supplemented by speciﬁc regional programmes addressing
speciﬁc regional needs. The latter could also generate high
quality data sets for driving and verifying mathematical
models. Emphasis should also be given to improving and
further developing analytical methods for evaluating moni-
toring data andmodel results with the aim of early detection of
climate change impacts, especially trends. A parallel appli-
cation of distinct analytical methods and forecast tools could
provide comparable results; in case that similar results were
found a sounder basis for decision-making could be achieved.
Since the scenarios for climate change impacts are still
accompanied by large uncertainties due to the lack of basic
knowledge needed for targeted cost-effective planning for
coastal protection measures, any reduction in uncertainties
by monitoring and the use of models implies a very good
beneﬁt-cost ratio.
18.4.2 Belgium
The Flemish authorities aim to keep the protection line at the
Belgian North Sea coast. Improvements have taken place in
the harbours that are currently considered the weakest links
in the protection line and through which 95 % of flooding is
expected. In 2007–2008, work was undertaken to ensure a
minimum safety level for a storm with a yearly exceedance
probability of 10−2. Quay levels must be higher than the
water level with an exceedance probability of 10−3 and the
strength of dykes, sluices and weirs are checked. A storm
surge barrier will be constructed in Nieuwpoort at the
entrance to the Yser estuary and to the important yacht
harbour of Nieuwpoort. Although this barrier will reduce the
risk of flooding from the sea, it may also increase the risk of
hinterland inundation due to reduced drainage capacity
unless additional measures are taken.
Repeated nourishments include a safety margin for cli-
mate change effects. In addition, groynes are used to limit
longshore transport. Possible positive effects of shoreface
nourishments are debated and, for the longer term concep-
tual ideas of increasing the height of the existing Flemish
Banks to reduce wave impact on shores are under consid-
eration. Efforts are being made to limit aeolian transport, so
keeping sediments where they can best help reduce hydro-
dynamic loads. The main design considerations are the use
of a broad berm and a mild slope close to the equilibrium
beach slope for the sand under consideration, with a pref-
erence for relatively coarse sand of about 300 μm in diam-
eter. High sand buffers in front of dykes with a minimum
lifespan of ﬁve years are suggested.
In the Belgian part of the Western Scheldt an earlier
study concluded that the cost of a storm surge barrier near
Antwerp would not outweigh the beneﬁts (Berlamont et al.
1982). This study did not include the possible effect of
SLR and the Sigma Plan was recently revised: a combi-
nation of flood plains and heightening of dykes and quay
walls is thought to provide the best solution in terms of
costs for investment and maintenance and beneﬁts such as
preventing loss of agricultural production, as well as those
from ecosystem services and the reduced probability of
flooding in high-value areas (Broekx et al. 2011). This also
means a change in strategy from a ﬁxed safety level for the
basin as a whole to a more flexible approach to safety in
different parts of the basin.
18.4.3 Denmark
Protection of the hinterland against flooding at the Danish
North Sea coast will continue to be achieved by keeping the
protection line in its current position, with the exception of
those areas where coastal retreat is regarded as acceptable
and no human interference preventing it is deemed neces-
sary. At the Danish Wadden Sea coast existing dykes are
strengthened to meet prevailing safety levels and the antic-
ipated safety margins for climate change effects are the
measures used.
The protected stretch at the sandy North Sea coast of
Denmark comprises those parts where the dunes are being
armoured with concrete block revetments and those where
the dunes are not. The minimum width for dunes with
revetments is 30 m and for dunes without revetments 40 m.
These values were determined using erosion data from his-
torical storm surges. Beach and shoreface erosion is cur-
rently compensated in front of dunes without revetments and
due to a lack of funding is limited to a retreat of 3.2 m
year−1 in front of dunes with revetments, yielding narrower
and lower beaches in front of the revetment. This is
acceptable as long as the safety level for the revetments is
not reduced beyond the safety threshold.
The adaptation strategy at the Danish North Sea coast has
been developed on the basis of experience and understanding
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and aims less at ﬁxed targets than at a flexible response to
changing boundary conditions.
18.4.4 Germany
The Free and Hanseatic City of Hamburg generally employs
the strategy of keeping the protection line in its current
position. But very recently, some new infrastructure like
large public buildings has been erected on dwelling mounds
to prevent them flooding if dyke sections fail during a storm
surge. The strategy in Schleswig Holstein for dykes at the
mainland North Sea coast and on the North Frisian Islands is
similar: in the current protection line dykes will be repeat-
edly strengthened relative to safety levels and safety mar-
gins. Since 2010, a new cross-sectional design has been
applied enabling dykes to be raised up to 1.5 m for stronger
hydrodynamic loads at some future date. The use of older
dykes—those no longer in use due to the protection line after
embankments moving seaward—is anticipated as a second
protection line but is not yet implemented due to budget
constraints. Tests on some sections showed the effectiveness
of the second dyke line is often very limited. Nevertheless, it
is considered worth preserving existing dykes in the second
line as a basis for a new dyke line in the future. Information
on design, dimensions and costs of strengthening dykes in
the second line is lacking (MELUR 2013).
The Free and Hanseatic City of Bremen will keep the
protection line in its current position. For its mainland coast
and along the tidal estuaries Ems-Dollard, Weser and Elbe,
Lower Saxony will do the same. This decision is the result of
research on four alternative approaches. The investigations
were undertaken in the Ems-Dollard estuary area which is
representative of both estuaries and the Wadden Sea coast,
with a stepwise increase in design water levels for a SLR of
0.65 and 1.00 m on the one hand, added to by an increase in
storm-surge set-up of 0.35 and 0.5 m on the other (Niemeyer
et al. 2014). The latter account for higher wind velocities on
the one hand and higher and less attenuated wave energy on
the other. Tidal flats were assumed not to adapt to accelerated
SLR. This pessimistic scenario led to the following results:
• Retreat from all areas with flood risk due to storm surges
in order to save on the cost of coastal protection. This
implies that 1.2 million people in Lower Saxony would
need to move to safe areas and about 800,000 people in
neighbouring states would be at risk. However, cost
savings versus economic losses mean that this strategy is
out of the question, even for more pessimistic scenarios
than those considered here.
• Accommodation by limiting coastal protection to settle-
ments above a certain threshold of inhabitants and
economic value. The costs of implementing the new
coastal protection schemes are about 25 % of the capital
costs of the existing protection line if only the larger
cities are safeguarded against storm surges and are of the
same order of magnitude if all small villages are also
protected. In addition, enormous efforts would be
required to keep infrastructure between the protected
areas such as railways, streets, energy supply lines
operational after storm surge flooding. Even excluding
other major disadvantages of this strategy, it is still clear
that maintaining and strengthening the existing protec-
tion line is a better economic solution.
• Set-back or realignment leads to higher hydrodynamic
loads than occur at the corresponding outer protection
line, in all those areas where it has been moved seaward.
Land levels in the areas sheltered by new dyke lines after
reclamation have not been subject to sedimentation and
are now lower than areas seaward of the dyke, particu-
larly in saltmarshes. The greater water depths in front of
the landward-shifted dykes by set-back allow higher
wave energy. Without a gain in safety and with extra
investment costs exceeding the current yearly budgets for
coastal protection 120-fold for new dykes (MU 2012)
this alternative is not better than the strategy of keeping
the protection line in its current position.
• Combined protection with two structures; one for wave
attenuation seaward and another to contain storm surge
levels landward. Collectively these two structures would
require a higher cross-sectional area than a single pro-
tection line. The safety achieved by such a scheme is less
than that achieved by a conventional dyke and the costs
would be signiﬁcantly higher than for one dyke line.
The results show that strengthening the existing protec-
tion line is still the most effective solution both in terms of
safety and cost (Niemeyer et al. 2011a, b, 2014). The gov-
ernment commission (MU 2012) and subsequently the State
Government decided to follow the strategy of keeping the
line in its current position and strengthening the protection
structures. This approach was approved by the self-ruling
dyke communities and through representative polls of peo-
ple in the protected areas (MU 2012). To date, further
studies have been undertaken for a SLR of 1.0 m, an addi-
tional increase in storm surge set-up of 0.5 m and consis-
tently higher and longer waves in the area of the
Ems-Dollard estuary (Knaack et al. 2015). These studies
led to the same conclusions as the previous studies: keeping
the line is the optimal strategy for future protection of
lowland coasts at the southern North Sea.
Successful site investigations on wave overtopping of
dykes have been undertaken in Denmark (Laustrup et al.
1991), the Netherlands (van der Meer et al. 2009) and
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Vietnam (Le et al. 2013). They prove that higher overtopping
volumes on dykes than are currently considered tolerable will
be acceptable without failure of the structure. Wave over-
topping on dykes has been modelled in combination with soil
laboratory tests of the covering clay to develop an integrated
design that takes into account both hydrodynamics and soil
mechanics (Berkenbrink et al. 2010; Richwien et al. 2011).
Several tests showed cover layers remained functional for
overtopping volumes up to 200 [l× (m s)−1]. As overtopping
volumes of this magnitude would probably cause severe
damage in populated areas, acceptable overtopping volumes
should be smaller. Studies were undertaken to quantify the
extent to which an enhanced overtopping tolerance could
counterbalance the effects of SLR or other climate change
effects at three representative cross-sections for coastal and
estuarine dykes in Lower Saxony. The results showed that an
overtopping tolerance of 10 [l× (m s)−1] would allow a
reduction in dyke crest heights for presently applied design
conditions of 45–60 cm at the Lower Saxony North Sea coast
and adjacent estuaries (Niemeyer et al. 2010). This suggests a
survey of cover layers for all Lower Saxony coastal and
estuarine dykes could help improve estimates of the design
parameters for site-speciﬁc acceptable wave overtopping
volumes, as part of the adaptation strategy for coastal pro-
tection (MU 2012). Such a survey would also identify weak
points in the existing protection line.
Protection of the East Frisian Islands is currently under-
taken using the same guidelines as in the past since the lack
of understanding about climate change impacts on mor-
phodynamic processes hampers the development of a resi-
lient adaptation strategy (MU 2012).
18.4.5 Netherlands
The most recent decision on coastal protection strategy in the
Netherlands is the adoption of a three-layer safety scheme
combined with a new design procedure orientated at the
probability of the loss of human life: prevention of flooding
by keeping, strengthening and safeguarding the protection
line remains the basis, which is extended with supporting
measures to reduce the consequential damage of structural
failure. The three-layer safety scheme is as follows:
• Layer 1: prevention of flooding by establishing and
maintaining an effective flood protection system
• Layer 2: spatial planning such that the impact of flooding
after the failure of protection structures is reduced
• Layer 3: disaster control through detailed evacuation
plans, making sure that vital infrastructure is still func-
tional in the event of a flood, and the creation of safe
havens.
The self-governing waterboards ask for priority to be
given to strengthening of the protection structures in order to
meet prevailing safety norms, before investing in the second
and third layer. The new system of risk-based safety norms
differs from the current norm system based on hydrodynamic
loads. The Cabinet adopted the new norm system in
November 2014; its application is scheduled for 2017 and it
is expected to take until 2050 for it to be implemented across
the coastal protection system as a whole.
The costs of improving the structure of all existing dykes
including those along inland waters, is estimated at about
EUR 6.5 billion. An additional EUR 5 billion would be
required for adaptation to a SLR of 0.5 m. The sum of both
is beyond the likely budget for the Delta Program for 2013 to
2028 (see Sect. 18.2.4). Conceptual studies on very safe
dykes (Silva and van Velzen 2008) project an overtopping
tolerance of 30 [l× (m s)−1] for coastal dykes.
The flood protection scheme for the Netherlands has a
unique conﬁguration: dyke rings surrounding protected
areas. There are currently 54 dyke rings and the associated
protection structures have a total length of 3767 km, about
30 % of these are at open tidal waters. Water Plan Beaufort
is currently under development and is aimed at reducing the
costs involved in improving protection structures to meet
future safety levels, including those associated with climate
change effects, as well as increasing options for setting
priorities (Beaufort 2010/2013). A major element of the plan
is a reduction in the number of dyke rings from 54 to 2 in
line with the overall vision of shorter protection lines along
sea and rivers and free outflow of rivers to the sea. Stronger
dykes and extra locks and sluices are envisaged. Imple-
mentation may be phased, and efﬁcient use of budgets
should enable an increase in safety levels. Rough estimates
indicate a cost saving of 50 % compared to implementing
the safety standards according to the Delta program. Water
Plan Beaufort includes stronger dykes than at present and
more thorough dyke inspections for detecting weak spots
(Beaufort 2010/2013). The plan is still under development
and not yet included in planning by the responsible Delta-
commissaris (2013).
The strategy for keeping coastal dunes and protection
structures safe and the coastal foundation stable by nourish-
ments involves signiﬁcant cost, although considered in terms
of an insurance premium for protecting around EUR 1800
billion (Deltacommissie 2008) of invested capital in the
protected area the costs seem relatively moderate and more
reasonable. Nevertheless, attempts to make artiﬁcial nour-
ishments more efﬁcient, particularly by generating and
applying knowledge of coastal processes, are still worthwhile.
An impressive example is the ‘Delfland Sand Motor’, a
mega-nourishment with a volume of about 21.5 million m3
(Fig. 18.3) which is almost as big as the currently
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implemented two-year volume of 24 million m3. Designing
the sand motor required intensive testing by morphodynamic
model predictions in order to optimise its shape and to
compare its effectiveness with conventional nourishments
for maintaining the coastal foundation of Delfland
(Fig. 18.3). To keep pace with the present rate of SLR this
requires about 5.5 million m3 within ﬁve years (Mulder and
Tonnon 2010). Model results and measurements so far
indicate that the Delfland Sand Motor will contribute to the
maintenance of the coastal foundation of Delfland for around
25 years and that it is more cost-effective than repeated
nourishments. But the model results also indicate that ﬁve
additional nourishments will be necessary to maintain the
coastline for this period. The alternatives for the shape of the
sand motor have been shoreface nourishment, a bell-shape
and a sandy hook (Mulder and Tonnon 2010). Because the
coastal processes will rapidly transform any initial shape into
a bell-shaped salient, the long-term morphological effects of
the alternatives are similar. Combining the aim of the
mega-nourishment to create long-term safety conditions as
well as extra space for nature and recreation in an innovative
manner, the environmental impact assessment showed the
hook shape was preferable (Mulder and Tonnon 2010). The
reshaping of the mega-nourishment is monitored and anal-
ysed. The results will improve the understanding of the
effectiveness of this new type of artiﬁcial nourishment.
Another option tested recently is a seaward build-out of
sandy coasts by over-nourishment, partly combined with
supporting solid structures (Stronkhorst et al. 2010): coastal
stretches receive excess amounts of sediment, creating bea-
ches and dunes for nature conservation and recreation.
Although the Deltacommissaris (2013) stated that this is a
viable option, no speciﬁc decisions on this have yet been
made.
18.4.6 United Kingdom
The approach to coastal protection in the United Kingdom
focuses now on ‘sedimentary cells’ to reflect the adaptation
needs of a regionally-varying coastline in terms of land-
scape, sedimentology and coastal dynamics. A distinction is
made between coastal zone management (CZM) and
so-called shoreline management. The former is predomi-
nantly a planning issue, seeking to reconcile the demands of
development with the requirement for adequate protection of
the natural environment. In contrast, shoreline management
focuses on one aspect of CZM, namely coastal hazards, and
concerns efforts to manage flood and erosion risk at the
shoreline (Nicholls et al. 2013).
In the early 1990s, the government developed guidance for
the preparation of 40 Shoreline Management Plans (SMPs)
across England andWales (MAFF 1995). The main objective
was to deﬁne management units along the coast and consider
the most appropriate Strategic Coastal Defence Options
(SCDOs). The SCDOs considered for each management unit
comprised four options for the strategy to be applied:
• do nothing
• maintain the existing protection line (while possibly
adjusting the protection standard)
• advance the existing protection line
• retreat the existing protection line (subsequently referred
to as ‘managed realignment’).
The management units were then used to initiate a con-
sultation process and the compilation of each SMP, which,
in some cases was adopted by the relevant authorities but
this was and remains a non-statutory process. Outputs from
the ﬁrst round of SMPs were frequently biased towards the
Fig. 18.3 Mega-nourishment ‘Delfland Sand Motor’. After completion in July 2011 (left) and in May 2015 (right) after reshaping (https://
beeldbank.rws.nl, Rijkswaterstaat/Joop van Houdt)
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status quo—a ﬁxed shoreline—which was at odds with the
desire to move towards a more dynamic and adaptive coast,
where appropriate. This led to a careful review of the process
(Leafe et al. 1998) and new guidance was developed to
promote the preparation of the second round of SMPs
(DEFRA 2001). In this new guidance, greater emphasis was
placed on:
• ensuring a more consistent evidence base was established
• the engagement of stakeholders throughout the process
(but particularly in objective setting and selection of
preferred options)
• adoption of the plans by the relevant authorities (DEFRA
2001).
Following a series of trials, this guidance was formally
released (DEFRA 2006) and applied to England and Wales
(DEFRA 2011). The second generation of SMPs are cur-
rently in production and when complete will cover the entire
6000 km shoreline. The intention is that the SMPs provide a
‘route map’ for local authorities and other decision makers to
identify the most sustainable approaches to managing risks
to the coast in the short term (0–20 years), medium term
(20–50 years) and long term (50–100 years), recognising
that changes to the present protection structures may need to
be carried out as a staged process. Each SMP will include an
action plan that prioritises works needed to manage speciﬁc
flood and erosion risks, along with details of the coastal
erosion monitoring and further research needed to support
the plan. The SMPs then inform more detailed strategy
studies, which explore the most effective form of delivery,
with an increasing focus on adaptation measures that are
more likely to be sustainable under a changing climate. For
example, the long-term strategy for managing flood risk on
the Thames Estuary, termed the Thames Estuary 2100 or
TE2100 Project, includes options for managing flood risk to
2100, based on current government projections of climate
change. Each option comprises a sequence of interventions
to 2100 and beyond and the assessment included consider-
ation of the H++, a low probability, high consequence sce-
nario, which considers the possibility of large contributions
to SLR from the Greenland and Antarctica ice sheets. The
dates of implementation depend on the rate of climate
change and other factors. If change such as rising sea level,
or deterioration of the safety status of protection schemes
occurs more rapidly than projected in the plan, intervention
dates will be brought forward and vice versa. In this way, the
timing of interventions on the estuary will be optimised,
taking account of actual rates of change and associated
updates of scientiﬁc knowledge and future projections.
While this approach was developed speciﬁcally for London
and the Thames Estuary, the concepts are now being adopted
more widely (HM Treasury/DEFRA 2009).
18.5 Summary and Recommendations
This overview indicates that all countries around the North
Sea with coastal areas vulnerable to flooding from storm
surges are ready for the challenges that climate change is
expected to bring. Scenarios have been developed and
investigated as a basis for policy development, regulation
and guidance, to provide a structured response that should
ensure continued protection with the required level of safety
for coastal flood prone areas.
Scenarios of accelerating SLR leading to changes in sea
level of up to 1 m or more by 2100 have been used for
planning the adaptation of coastal protection schemes. Thus
the safety margins considered in all countries around the
North Sea are consistent with the upper limit of SLR to 2100
reported in the latest assessment of the Intergovernmental
Panel on Climate Change (IPCC 2013). There appears to be
a tendency for countries with higher safety levels to consider
smaller safety margins for climate change impacts than those
with lower safety levels. Increased storm surge set-up and
higher wave energy due to higher wind velocities are
incorporated in the future design of coastal protection
structures in Denmark, Bremen, Lower Saxony and the
United Kingdom.
The United Kingdom has established a coastal protection
strategy for a flexible response to erosion that reflects the
varying conditions around the coast. The resulting strategy
ranges from doing nothing or set-back of the protection line
by managed realignment, to strengthening of the existing
protection line. Denmark allows retreat at some stretches of
its North Sea coast and maintains the protection line in the
rest. All other countries aim at keeping the current protection
line in place to protect the hinterland. In the Netherlands, a
decision on implementing additional measures for reducing
damage due to the failure of protection structures will be
made in 2015. Investigations showed that a reliable basis for
evaluating protection strategies is only achievable if real
world tests are carried out, since conceptual studies can be
misleading.
In all countries, artiﬁcial nourishments are traditionally
used for combatting structural erosion on sandy coasts and
this is expected to increase under future climate change
impacts. This approach will thus be used more often and at
higher rates for keeping the coastline in position according to
the current criteria for intervention. The required increase in
nourishment volumes needed to stabilise coastlines has been
investigated in Belgium, Denmark and the Netherlands. In
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the Netherlands, models and large-scale site experiments
have been used to gain deeper understanding of the relevant
processes with the aim of increasing the efﬁciency of arti-
ﬁcial nourishments or even moving the coastline seaward. In
most countries, studies have been carried out to identify
borrow areas with appropriate sediments and the volumes
available. But there are still knowledge gaps concerning the
long-term availability of sediments needed for nourishments
to compensate for projected SLR, especially in terms of their
being necessary to fulﬁl the needed volumes for nourish-
ments in order to compensate the impacts of climate change
in the long run, in particular in respect of the quality of
sediments reﬁlling the borrow pits and their suitability for
future nourishments. A good understanding of the avail-
ability of suitable sediment reservoirs for nourishment is
crucial for a sustainable management strategy to protect
sandy coastal environments.
Climate change studies are based on scenarios rather than
forecasts and this generates uncertainties, which by the end
of a chain of processes may be unquantiﬁable. As a result, all
North Sea countries use ongoing monitoring programmes for
coastal management purposes. To help detect the impacts of
climate change, some countries will even extend these
monitoring programmes. The data provide a sound basis for
detecting changes in trends. Testing existing tools and
developing new analytical tools would be beneﬁcial.
Cooperation at a European scale would not only improve the
exchange of knowledge, but would also improve the avail-
ability of tools, methodology and resources for problem
solving.
Present knowledge already highlights that the effects of
climate change at dynamic sandy coasts are stronger than on
mainland coasts with cohesive sediments, such as estuaries
or tidal basins with large intertidal areas and saltmarshes.
Although the morphodynamic processes that are likely to
occur due to climate change are reasonably well known,
their quantiﬁcation—if even possible—still involves large
uncertainties. Filling the enormous knowledge gaps that still
remain will be a challenge for coastal engineering in the
future. Mitigating the morphodynamic changes due to cli-
mate change impacts will create high budget demands. For
efﬁcient measures it is necessary to understand and predict
the hydrodynamic and morphodynamic changes that are
likely to result from climate change. This justiﬁes much
higher budgets for research in this particular ﬁeld than at
present. Advancing process knowledge and improving
long-term morphodynamic modelling are indispensable
preconditions for providing decision-makers with a sound
basis for target-orientated optimised measures. The knowl-
edge potential in this ﬁeld of expertise is extraordinarily
good in Europe. The countries surrounding the North Sea
would therefore beneﬁt signiﬁcantly from a co-ordinated
programme aimed at reducing the knowledge gaps high-
lighted in this chapter.
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